The transition metal dichalcogenides (TMDs) are two-dimensional layered solids with van der Waals bonding between layers. We calculate their Schottky barrier heights (SBHs) using supercell models and density functional theory. It is found that the SBHs without defects are quite strongly pinned, with a pinning factor S of about S=0.3, a similar value for both top and edge contact geometries. This arises because there is direct bonding between the contact metal atoms and the TMD chalcogen atoms, for both top and edge contact geometries, despite the weak interlayer bonding in the isolated materials. The Schottky barriers largely follow the metal induced gap state (MIGS) model, like those of three-dimensional semiconductors, despite the bonding in the TMDs being largely constrained within the layers. The pinning energies are found to be lower in the gap for edge contact geometries than for top contact geometries, which might be used to obtain p-type contacts on MoS 2 .
3 been previous calculations of ideal, defect-free SBs for TMDs [21] [22] [23] [24] [25] [26] , but less extensive than those given here. Here, we provide a comprehensive calculation of Schottky barrier heights of four TMDs with twelve metals (Sc, Mg, Al, Ti, Cr, Mo, Ru, Co, Ni, Pd, Pt, MoO 3 ) covering a wide range of work functions, for both on-top and edge contact geometries. We show that the defectfree SBHs in fact follow the metal induced gap state (MIGS) model 27-31 that applies to threedimensional semiconductors, so that relatively strong Fermi level pinning is expected even for defect-free interfaces. Any defects that do form will then cause additional pinning and lower the S value. This insight provides a framework to understand TMD contacts as a whole.
Method
Here, the electronic structure of metal contacts on TMDs is studied directly using density functional theory (DFT) calculations on supercells containing layers of metal and a monolayer of TMD or metal on a block of TMD layers representing the bulk TMD. We use supercells with TMD, metal and no vacuum. We use 6 layers of TMD to represent the bulk TMD, as this is large enough for its gap to be within 0.05 eV of the bulk value 32 . We choose six layers of metal in the face-centered cubic or the body-centered cubic structure. For most metals, the (111) face of the metal is placed on a hexagonal 2x2 supercell of the TMD, and the metal supercell lattice constant is forced to match the TMD cell lattice constant (Fig 1a-c) . The metal is allowed to relax perpendicular to the layers, to conserve its volume, which is important because the atomic volume is the main factor determining a metal's work function 33 
Here, E 0 is a reference energy of the gap states that pin the Fermi energies at the SBH. If the pinning is due to intrinsic states such as MIGS, then E 0 would be the charge neutrality level (CNL). The CNL is the energy up to which the MIGS are filled on a neutral surface. The slope S=d p /dΦ M is the pinning factor. It varies between S=1 for unpinned interfaces (Schottky limit)
to S=0 for strongly pinned interfaces (Bardeen limit) 28,29 . S can be related for the general case to the density of interface gap states that cause the pinning, N, by
where δ is the decay length of these states and  0 is the dielectric constant around the interface.
Thus, S varies inversely with N, and a large N gives a small S.
In order to display the SBH results for different TMDs, or the bulk and monolayer cases on the same diagrams, we align the bands by their CNLs 27,28 and express the barrier heights with respect to the isotropically averaged CNLs. The CNLs are calculated from the band energies of the isolated semiconductors 30 , using the SX band energies to avoid the band gap error (Table 1 ).
In Fig. 2 , we see that the slope S has a similar value for both the monolayer (S=0. 43, 44 that these states are due to defects as proposed experimentally 18 .
We next consider the edge contact geometry. Here, the metal layer bonds directly to the MX 2 planes. In this geometry, the metals bond directly to the TMD layers via covalent bonds.
This geometry is the same as for contacts on three-dimensional semiconductors, so that strong pinning can be expected. The benefits of edge contacts were recently noted for graphene 45 , where they greatly increase the effective mobilities. We consider only the monolayer case. There are three possible edge contact geometries for MX 2 as shown in Fig 1(d-f) ; the non-polar armchair interface where the metal bonds to both Mo and S sites, the zigzag S-terminated interface where the metal bonds to S sites, and the zigzag Mo-terminated interface where the metal bonds to Mo sites. Fig 3(a) shows the calculated p-type SBHs for these three cases for monolayer MoS 2 , referenced to the VBM, and including the SBH values for the top-contact geometry for reference.
A notable result is that the slopes S are very similar for all three edge contact cases, and also very similar to that for the top contact case. The similar S values emphasize that the same degree of pinning occurs in each case, which from (2) implies a similar density of gap states is causing the pinning in each case. It suggests that the bonding is quite similar in both cases, as discussed below. 7 The second notable result is that the SBH value is similar for the three different edge contact geometries, despite the very different bonding types, with unlike or like atom bonds. The typical cause of a shift in barrier heights is the presence of an interfacial dipole layer for the polar interfaces 46 . The absence of a significant shift suggests that the Mo-S bonding is not very polar, and that any dipole is small. Indeed, we calculate a Mulliken charge for MoS 2 of +0.30 e for Mo and -0.15 e for S, indicating that MoS 2 is not very ionic.
A third result is that the p-type SBH is ~0.7 eV lower for edge contacts than for top contacts.
As the previous result showed that any dipole layers due to polar bonding are small, we argue that barrier height shift between top and edge contacts is due to the anisotropy of the bonding and crystal field effects. The CNL is the branch point energy of the complex band structure of the semiconductor, where the integral G(E) over the density of band states N(E') is zero 30 ,
This integral is formally taken from - to +, as in Tersoff 27 . In practice, it is taken over the energy range of the sulfur 2p states and Mo 4d states, which are the upper 7 valence bands and lower 4 conduction bands 30 . The density N can be further decomposed into angular orbitals, which can take the bonding directional dependence into account.
The integral (3) is single valued for the case of isotropic semiconductors, such as the cubic semiconductors 27,30 . On the other hand, the intra-layer bonding in TMDs is quite anisotropic, so that the partial density of states differs quite considerably for the states of a 1 symmetry bonding along the z direction (relevant to top contacts) to those of e symmetry bonding along the x, y direction 47 (relevant to edge contacts). This is seen in Fig 3(b) (Fig 3b) . This accounts for the higher average barrier heights for top contacts. In practical terms, it suggests that more p-type contacts can be implemented for MoS 2 by using the edge contact geomtry.
We now extend the SBH calculations for top-contacts to other TMDs such as monolayer 
where ε ∞ is the optical dielectric constant. The pinning factor for MoTe 2 is lower than in MoS 2 because of its narrower band gap and larger ε ∞ value, according to (4). The combination of experimental data for 3D semiconductors, our calculated S values for TMDs, and previous data for the GaS 2D semiconductors suggest that all three families follow a similar model, the MIGS model. However, for a given ε ∞ , the (1/S) -1 value is shifted lower for the 2D GaS family and the 2D TMDs, corresponding to a lower net density of MIGS (N) in equation (2) .
We now explain why the TMDs tend to follow the MIGS model, despite their two-dimensional bonding. It is because the top contact metal atoms strongly bond to the TMDs, and the contact metal to chalcogen bonds are as short as in the edge contacts. The bond lengths between contact metals and the S sites of MoS 2 are shown in Fig 6(a) . The intra-layer Mo-S bond length is 2.41Å.
The bond lengths for top contacts cover a range, due to the lower symmetry. For the shortest distance, the bond length is the same as for the edge contacts, Fig 6(a) . Thus, there is mostly strong bonding between the contact metal atoms and the S atoms. It is not van der Waals bonding. Interestingly, the presence of top contact bonds does not disrupt the intra-layer M-X bonds of the MoS 2 or WS 2 layer, because MoS 2 and WS 2 are both strongly bonded systems with a large heat of formation 44 , Mo and W being at the center of the transition metal series. The second point is that the chalcogens are third or higher row elements and their atoms can overcoordinate without affecting the interlayer bonding of MoS 2 . They are not like C atoms in graphene. Thus, the pinning factors, the similarity of top and edge contacts, and the contact atom bond lengths all support the idea that MX 2 SBHs follow the standard MIGS model. The MIGS states themselves can be seen as gap states decaying away from the electrode interface in Fig   6(b) .
Experimentally, the preparation of contacts can lead to the creation of defects. In summary, the contact problem for 2D TMDs has been studied by detailed DFT calculations.
A strong Fermi level pinning effect is found for all defect-free metal:TMD interfaces. The calculated Schottky barrier heights follow the standard MIGS model, despite van der Waals inter-layer bonding. The strong pinning occurs because the contact metal atoms are quite strongly bonded to the S atoms of MoS 2 , even for top contacts, while not disturbing the intra- 
